RNA interference (RNAi) is the phenomenon that double-stranded RNA (dsRNA) induces post-transcriptional sequence-speciˆc gene silencing in eukaryote. 1, 2) During the process of RNAi, long dsRNA is cleaved into ¿21 nt small interfering RNAs (siRNAs), and the siRNAs then guide sequencespeciˆc mRNA degradation. Since the discovery in Caenorhabditis elegans, 3) RNAi has been shown to occur in many eukaryotes, including mammals and plants. RNAi is now used as a powerful tool for functional genomics in many eukaryotes because of its eŠectiveness and speciˆcity compared to conventional methods such as antisense technologies, ribozymes, etc.
Various types of RNAi vectors have been developed and used to induce RNAi in plants. 4) However, construction of RNAi vectors and generation of transformants require laborious work, and are timeconsuming. Furthermore, commonly used RNAi vectors (e.g. CaMV 35S promoter-driven RNAi vector) cannot be applied to genes whose suppression may result in lethal phenotypes. To circumvent some of these problems, transient gene silencing systems using plasmid vectors, [5] [6] [7] virus vectors, [8] [9] [10] and in vitro-prepared dsRNAs 5, 11) have been developed. More recently, a chemical-inducible RNAi system 12) was also reported. Considering the simplicity of RNAi-trigger preparation and eŠectiveness of gene silencing, dsRNA administration would be the best manner for transient RNAi induction in plants, as in animals. To date, however, there is no report on dsRNA-mediated RNAi induction in plant protoplasts. We herein describe a transient RNAi assay system using protoplasts from Arabidopsis mesophyll cells and suspension-cultured cells (cell line T87).
Aˆre‰y (Photinus pyralis ) luciferase (Pp-luc) gene was ampliˆed from the pGL3-basic vector (Promega, Madison, USA) using a forward primer (5?-CTGGGTCGACGGCATTCCGGTACTGTTG-GT, where GTCGAC represents Sal I site) and a reverse primer (5?-TGCGGCCGCTGGTTTGTCCA-AACTCATCAA, where GCGGCCGC represents Not I site). These primers were designed to include the whole Pp-luc gene in the pGL3-basic vector. The PCR product was digested with Sal I and Not I, and then ligated to the Sal I-Not I fragment of CaMV35S-sGFP(S65T)-nos3? vector to produce pPluc (Pp-luc expression plasmid: 5.2 kb). A sea pansy (Renilla reniformis ) luciferase (Rr-luc) gene was obtained from the phRL-null vector (Promega) by digesting with Nhe I and Not I, and then ligated to a Spe INot I fragment of CaMV35S-linker-nos3? vector, in which the Sal I-Not I fragment of CaMV35S-sGFP(S65T)-nos3? vector was replaced by a short linker including Sal I, Spe I, Kpn I, Xho I and Not I sites, to produce phRluc (Rr-luc expression plasmid: 4.4 kb).
dsRNAs were prepared by in vitro transcription with PCR products harboring T7 RNA polymerase promoters at both ends as transcriptional templates. Primers used to amplify DNA fragments of RNAi targets are listed in Table 1 . pGL3-basic vector and CaMV35S-sGFP(S65T)-nos3? vector were used as PCR templates. T7 RiboMAX Express Large Scale RNA Production System (Promega) was used for in vitro transcription in which both the sense and antisense strands were transcribed simultaneously Table 1 . Primers Used to Amplify DNA Fragments of RNAi Target Genes T7 promoter is indicated by bold typeface.
Name
Sequence (from 5? to 3?)
2) Length of RNAi target.
3) sGFP(S65T). and self-annealed during reaction. Residual DNA template was removed by treatment with RQ1 RNase-free DNase (Promega). The RNA was puried by phenol-chloroform extraction, and then precipitated with ethanol and dissolved in nucleasefree water (Ambion, Austin, USA). To conˆrm the sizes of dsRNAs, the RNAs were electrophoresed in a 1.5z agarose gel in TAE buŠer and stained with ethidium bromide.
Three-week-old Arabidopsis thaliana plants (ecotype Columbia) were provided by Phytoculture Control Co., LTD (Osaka, Japan). Mesophyll protoplasts were isolated and transfected as previously described.
13) The Arabidopsis suspension-cultured cell line T87 14) was obtained from the RIKEN BioResource Center (Tsukuba, Japan). The T87 cells were grown in 100 ml of modiˆed LS medium (MS salts supplemented with 200 mg W l KH2PO4, 100 mgW l myo-inositol, 1 mg W l nicotinic acid, 1 mg W l pyridoxine-HCl, 10 mg W l thiamine-HCl, 0.2 mg W l 2,4-dichlorophenoxyacetic acid, and 3z (w W v) sucrose) at 239 C under continuous illumination. Protoplasts were prepared from 3 to 7-day-old culture according to the method described by Kang et al. 15) For GFPtargeted RNAi experiments, 4×10 4 protoplasts were cotransfected with 10 mg of CaMV35S-sGFP(S65T)-nos3? vector (4.1 kb) and 10 mg of ¿100 bp of dsRNA encoding sGFP(S65T) or Pp-luc. For luciferase-targeted RNAi experiments, 2×10 4 protoplasts were cotransfected with 0.25 mg of two plasmids, a reporter (pPluc) and an internal control (phRluc), and 2.5 mg of dsRNA unless speciˆed otherwise. The transfected protoplasts were incubated at 229 C for 16 h in W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 2 mM MES, pH 5.7) in the dark before collection unless speciˆed otherwise. Luciferase activities were measured using a DualLuciferase Reporter Assay System (Promega) and TD-20 W 20 Luminometer (Turner Designs, Sunnyvale, USA). The results of dual luciferase assays are shown as the means of relative luciferase activities from triplicate samples with error bars. All transient experiments were repeated at least two times with similar results.
To make visible dsRNA-induced gene silencing in Arabidopsis protoplasts, sGFP(S65T) expression plasmid (CaMV35S-sGFP(S65T)-nos3?) and ¿100 bp of dsRNA encoding sGFP(S65T) or Pp-luc were cointroduced into mesophyll protoplasts. Transfection of mesophyll protoplasts with dsRNA targeting GFP signiˆcantly reduced GFP expression (Fig. 1C) , but no eŠect was observed when Pp-luc-encoding dsRNA was introduced (Fig. 1E ) compared with mock-transfected protoplasts (Fig. 1A) . Although we did not examine siRNA production in the protoplasts, these results demonstrate that in vitroprepared dsRNA induces speciˆc gene silencing in Arabidopsis protoplasts.
To investigate the eŠects of the amount of dsRNA on gene silencing, diŠerent amounts of dsRNA, whose length was approximately 100 bp, was introduced into Arabidopsis protoplasts. When mesophyll protoplasts were cotransfected with two luciferase plasmids (pPluc and phRluc) and a varying amount of dsRNA (weight ratios of dsRNA to the reporter plasmid were 0.1, 1, and 10), the reporter luciferase (Pp-luc) activity was decreased by 59z, 79z, and 92z respectively ( Fig. 2A-C) . In contrast, Pp-luc activity was lowered by 12z, 49z, and 81z in T87 protoplasts (Fig. 2D-F) . These results indicate that T87 protoplasts demand larger amount of dsRNA (approximately 10 times) than mesophyll protoplasts to induce su‹cient gene silencing. The diŠerence in the eŠective dose of dsRNA between mesophyll cells and T87 cells might be due to diŠer-ences in amounts of gene products involved in RNAi between the two cell types. Correlation between the amount of RNAi trigger and the degree of gene silencing has also been observed in mammalian cells. 16) In addition to ¿100 bp dsRNA, we examined eŠects of ¿50, ¿250, and ¿500 bp dsRNA on gene silencing. When 2.5 mg of dsRNA (10 times larger than the amount of reporter plasmid) was introduced into mesophyll protoplasts, more than 90z gene silencing was observed in every case (data not shown).
To trace the duration of RNAi in Arabidopsis protoplasts, 2.5 mg of ¿100 bp dsRNA (10 times larger than the amount of reporter plasmid) was introduced into T87 protoplasts, and luciferase activities were measured every two days. As shown in Fig. 3 , the degrees of gene silencing at 2, 4, 6, 8, 10, 12, and 14 days after transfection were 81, 81, 82, 78, 71, 74, and 79z respectively. No obvious decline in gene silencing was observed during two weeks of incubation, suggesting that gene silencing is maintained at least for two weeks in T87 protoplasts when adequate amounts of dsRNA are used. This relatively long-term maintenance of gene silencing in T87 protoplasts is inconsistent with the case of mammalian cells, in which gene silencing persists only a few days after transfection of siRNA. 17) This disparity appears to be attributable to the diŠerence of total amount of siRNA in the cytoplasm. There is another possibility that dsRNA induced DNA methylation 18) and subsequent gene silencing in suspension-cultured cells. Microscopic observation demonstrated that cell walls began to regenerate from a day after transfection, and cell divisions were seen from two days after transfection (data not shown). Although we did not examine whether or not RNAi-induced cells certainly divide during two weeks of incubation, these observations suggest that dsRNA-induced gene silencing might be also maintained in daughter cells.
In conclusion, we have established a transient RNAi assay system using Arabidopsis protoplasts. The present assay system would provide convenient and e‹cient way to induce RNAi in protoplasts of the model plant Arabidopsis thaliana. Further studies on RNAi induction against endogenous Arabidopsis genes using this system are now in progress.
